Here we present a case study of three cold-water coral mounds in a juvenile growth stage on top of the Pen Duick Escarpment in the Gulf of Cadiz; Alpha, Beta and Gamma mounds. Although cold-water corals are a common feature on the adjacent cliffs, mud volcanoes and open slope, no actual living cold-water coral has been observed. This multidisciplinary and integrated study comprises geophysical, sedimentological and (bio)geochemical data and aims to present a holistic view on the interaction of both environmental and geological drivers in cold-water coral mound development in the Gulf of Cadiz. Coring data evidences (past or present) methane seepage near the Pen Duick Escarpment. Several sources and pathways are proposed, among which a stratigraphic migration through uplifted Miocene series underneath the escarpment. The dominant morphology of the escarpment has influenced the local hydrodynamics within the course of the Pliocene, as documented by the emplacement of a sediment drift. Predominantly during post-Middle Pleistocene glacial episodes, favourable conditions were present for mound growth. An additional advantage for mound formation near the top of Pen Duick Escarpment is presented by seepage-related carbonate crusts which might have offered a suitable substrate for coral settling. The spatially and temporally variable character and burial stage of the observed open reef frameworks, formed by cold-water coral rubble, provides a possible model for the transition from cold-water coral reef patches towards juvenile mound. These rubble "graveyards" not only act as sediment trap but also as micro-habitat for a wide range of organisms. The presence of a fluctuating Sulphate-Methane Transition Zone has an important effect on early diagenetic processes, affecting both geochemical and physical characteristics, transforming the buried reef into a solid mound. Nevertheless, the responsible seepage fluxes seem to be locally variable. As such, the origin and evolution of the cold-water coral mounds on top of the Pen Duick Escarpment is, probably more than any other NE Atlantic cold-water coral mound province, located on the crossroads of environmental (hydrodynamic) and geological (seepage) pathways.
Seabight, (De Mol et al., 2002; Huvenne et al., 2005) , the Rockall Trough Mienis et al., 2007; van Weering et al., 2003) and more recently off Morocco (Foubert et al., 2008; Wienberg et al., 2009) . A common point of discussion, surpassing the broad range of regional and morphological variability of these mounds, concerns the driving forces regarding the initiation of these complex deep-water systems. Both oceanographic and geological processes have been proposed to play a significant role in the mound nucleation, growth and decline. For example, the drilling through Challenger Mound in the Porcupine Seabight during IODP expedition 307 revealed that mound growth is characterized by a relatively fast Early Pleistocene start-up phase with rapid lateral expansion, interrupted by a significant phase of erosion, followed by a glaciallydominated condensed section Thierens et al., 2010) . Mound construction is thus not a continuous process, as also evidenced by other studies Dorschel et al., 2005; Mienis et al., 2006; Eisele et al., 2008) . However, the detailed mechanisms of mound accretion are not yet fully understood, although sediment baffling within the (dead) open coral frameworks is generally recognized to play an important role (Roberts et al., 2006; De Mol et al., 2007; Mienis et al., 2009) . Additionally, various arguments suggest that micro-organisms could play an important role in the transformation from CWC reef towards mound facies, as well as in their biodiversity (Maignien et al., 2010; Webster et al., 2008; Wehrmann et al., 2009 Wehrmann et al., , 2011 Templer et al., 2011-this issue) .
In 2002, a cluster of carbonate mounds was discovered on top of the Pen Duick Escarpment (PDE) on the Renard Ridge in the El Arraiche mud volcano province (Fig. 1) , off Morocco (Van Rensbergen et al., 2005b; Foubert et al., 2008) . These PDE mounds are considered as juvenile, referring to an initial stage of mound growth, unlike their giant counterparts in the Porcupine Seabight (De Mol et al., 2002) and Rockall Trough Mienis et al., 2007) . It is postulated that these mounds may be regarded as a model for the early development of escarpment mounds (Foubert et al., 2008) , such as those found in the Belgica mound province, off Ireland Van Rooij et al., 2007 . Long cores taken during the MD140 campaign in 2004 showed that these PDE mounds, in which microbial activity was suggested by the strong production of hydrogen sulphide and consumption of methane, may be considered as biogeochemical reactors (Maignien et al., 2010) . It has been established that bacterial and archaeal worlds are thriving in the zone of anoxic oxidation of methane (AOM), where fluxes from the deep (Table 3) and CTD stations (Table 1) . meet the sulphate-rich pore waters of oceanic origin (Niemann et al., 2006; Stadnitskaia et al., 2008b) .
The ESF EuroDIVERSITY MiCROSYSTEMS project considered the PDE mounds as a natural laboratory for predominantly biotope exploration, biodiversity characterization and the evaluation of microbially mediated processes of carbonate precipitation. The paper aims to present the "MiCROSYSTEMS approach": the development of an integrated view on the dynamic geological, biogeochemical and hydrographic environment within the vicinity of three PDE mounds: Alpha, Beta and Gamma mounds. A major sedimentological dataset for this study was collected during the R/V Marion Dufresne MD169 "MiCROSYSTEMS" campaign (July 2008), which was specifically designed to study the following objectives; (1) to better understand the processes and pathways of the geological drivers and the temporal variability of the oceanographic drivers, (2) to elucidate the spatial and temporal evolution of the PDE mounds, with respect to the growth processes (spatial architecture) and (3) to assess the role and importance of the biogeochemical and microbial activity. Therefore, this approach necessitated a multidisciplinary and integrated study of sediment cores, seismic profiles, multibeam bathymetry, ROV observations and CTD casts.
Regional setting

Geology
The Gulf of Cadiz is located west of Gibraltar Strait, enclosed by the Iberian Peninsula and Northern Africa. It is characterized by a complex geological history and underwent several episodes of rifting, compression and strike-slip motion since the Triassic (Maldonaldo et al., 1999; Medialdea et al., 2004) . The present-day structural framework of the Gulf of Cadiz is a result of (a) the oblique EuropeanAfrican plate convergence motion and (b) the westward migration of the Gibraltar Arc (Betic-Rifean Cordillera) during the Middle Miocene (Gutscher et al., 2002; Maldonaldo et al., 1999; Zitellini et al., 2009 ). The emplacement of huge allochthonous wedges can be regarded as a result of both processes. Above this olistostrome unit, a 0.2 to 2 km thick Neogene sedimentary cover is pierced by mud volcanoes, salt diapirs and fluid escape features, showing evidence of both strike-slip and compressional deformation (Medialdea et al., 2004; Pinheiro et al., 2004) . Associated to these mud volcanoes, both groundtruthing as geophysical evidence has shown the presence of subsurface fluid flow and shallow gas Van Rooij et al., 2005) , hydrocarbons of deep thermogenic origin (Niemann et al., 2006; Stadnitskaia et al., 2008b) and gas hydrates (Pinheiro et al., 2004; Stadnitskaia et al., 2008b) .
The El Arraiche mud volcano field (Fig. 1a) is located within the southern part of the Gulf of Cadiz, on top of the accretionary wedge. The onset of its activity is estimated at about 2.4 Ma (Van Rensbergen et al., 2005b) . In contrast to the main part of the Gulf of Cadiz, this area is characterized by extensional tectonics with compressive ridges, expressed as large rotated blocks bound by lystric faults that created Plio-Pleistocene depocentres (Flinch, 1993) . This setting applies to both the subparallel Renard and Vernadsky Ridges (among which the Pen Duick Escarpment) and overprints the local accretionary wedge fabric (Van Rensbergen et al., 2005b) . The rotated blocks might have served as fluid migration pathways, thus fuelling the mud volcanoes (Van Rensbergen et al., 2005a) . According to Zitellini et al. (2009) , they also coincide with ESE-WNW oriented faults, which are associated with the oblique plate convergence between the European and African plates.
Oceanography
The hydrographic setting of the Gulf of Cadiz is influenced by the exchange of water masses between the Atlantic and Mediterranean basins Machín et al., 2006; Villanueva and Gutierrezmas, 1994) . The general surface circulation in the Gulf of Cadiz follows an anticyclonic gyre (Pelegri et al., 2005b) . This surface circulation must be considered in relation to the north-eastern Atlantic circulation and could be interpreted as the last meander of the Azores current. Additionally, near-surface shoreward currents also exist in the southern Gulf of Cadiz and recirculation runs southwards as a jet (Machín et al., 2006) . The permanent coastal upwelling of cold-water north of Cape Ghir is related to these current patterns (Pelegri et al., 2005a,b) .
The upper, thermocline water mass is the North Atlantic Central Water (NACW). Its lower boundary is characterized by a salinity minimum, which can be recognized at water depths of 300 m near Gibraltar Strait, and 600 m in the rest of the Gulf of Cadiz (Machín et al., 2006) . In between 600 and 1500 m water depths, two intermediate water masses can be observed: the low-salinity Antarctic Intermediate Water (AAIW) and the high-salinity Mediterranean Outflow Water (MOW). Several patches of water with intermediate salinity are presumably the result of mixing of AAIW and MOW (Iorga and Lozier, 1999; Machín et al., 2006; Pelegri et al., 2005a) . Below 1500 m, North Atlantic Deep Water (NADW) is present.
In contrast to the northern part of the Gulf of Cadiz, the hydrography and distribution of the MOW along the Atlantic Moroccan slope is poorly constrained. At its entry in the Gulf of Cadiz, the warm and saline MOW splits into the Mediterranean upper water (MU, 400-800 m) and the volumetrically more important saline Mediterranean lower water (ML, 800-1300 m) (Baringer and Price, 1999; Hernandez-Molina et al., 2006; Madelain, 1970) . Along the northern slope of the Gulf of Cadiz, this ML splits into three different branches: (a) an intermediate branch which moves towards the northwest, (b) a principle branch, located south of the Guadalquivir Bank, and (c) a southern branch which plunges to the southwest, as far as the Canary Islands. However, the latter is still poorly constrained. Pelegri et al. (2005b) reported the presence of the MOW at 800 m along the Moroccan margin. The presence of meddy "Isabelle" near the Moroccan shelf suggests the possibility of (temporary) southward MOW transport through meddies (Ambar et al., 2008; Carton et al., 2002) .
Material and methods
Geophysical survey dataset
Dedicated swath bathymetry of PDE was performed during the R/V Marion Dufresne MD169 campaign using the hull-mounted Thomson SeaFalcon 11 "dual mode" multibeam echosounder. The 12 kHz "bathymetry" mode was applied to map an area of 60 km 2 in water depths ranging from 500 to 750 m (Fig. 1) . The dataset was processed using IFREMER CARAIBES and IVS Fledermaus software, with a gridding to a cell size of 20 by 20 m and visualization using GMT version 4.2 (Wessel and Smith, 1991) . Additionally, the 3.5 kHz "subbottom profiler" mode allowed to obtain shallow (50 m maximum penetration) subsurface information (Figs. 1a and 2). RCMG seismic profile C090502 was acquired during the R/V Belgica 2009 GENESIS "Pen Duick" cruise ( Figs. 1a and 3) . It is one of the 340 high-resolution single channel seismic profiles acquired over this area during the course of 4 campaigns between 2002 and 2009. All seismic lines were shot using an SIG sparker source, which was triggered every 2 s reaching 500 J energy (sampling frequency: 8 kHz, record length: 2500 ms TWT, and ship velocity: 4 knots). A basic processing (bandpass filtering, automatic gain control) was carried out on these profiles.
The Royal NIOZ multichannel seismic profile M2006-066 (Figs. 1a and 4) was recorded during the R/V Pelagia 64PE253 cruise in 2006. The seismic source consisted of three air guns with a volume of 10, 20 and 40 in 3 . The guns were towed 37 m behind the stern of the ship in a frame at a depth of 1.3, 1.8 and 2.0 m respectively and fired every 5 s at a pressure of 100 bars (ship velocity: 4.2 knots). Data was received on a 24 channel streamer (hydrophone spacing: 1 m, 10 hydrophones per channel), attached to the ship by a tow leader of 60 m and a stretch member of 25 m. Data recording was performed using the Geo-Resources Geo-Trace 24 hard-and software (record length: 4 s TWT and sampling interval: 0.5 ms TWT). This has a 24 channel digital pre-amplification system and 24 channel bandpass filter (30 Hz high pass and 700 Hz low pass). The data was processed using RadexPro (DECO Geophysical).
ROV Genesis observations
During the R/V Belgica campaigns CADIPOR III (2007) and GENESIS "Pen Duick", Remotely Operated Vehicle (ROV) observations were performed on Alpha (4 dives), Beta (5 dives) and Gamma (1 dive) mounds. The underwater positioning of Ghent University's ROV Genesis (Sub Atlantic Cherokee ROV with a Tethered Management System) was obtained using an IXSEA GAPS USBL system, allowing an accuracy in the order of 2 m. Seafloor observations were made by means of a forward-looking colour zoom and black and white video camera in combination with N250 Watt Q-LED lights. High-resolution still images of the seabed were acquired with a digital Canon Powershot camera. A laser marker was added to the camera head for scale (10 cm spacing). (Fig. 6) . At the NNE extremity, the foot of the Lazarillo de Tormes (LdT) mud volcano can be observed.
Hydrographic measurements
During the R/V Pelagia 64PE237 cruise (2005), water-column profiling was performed with a 911 plus SBE CTD system equipped with Seabird CT sensors (SBE-11) and additional sensors measuring optical backscatter (Seapoint). The sampling rate was 24 Hz and the data was acquired using Seasave Win32 software version 5.28c. A CTD transect ( Fig. 1b; Table 1 ) was carried out measuring all data on the same day (Mienis et al., 2007) . Free-falling Bottom Boundary (BOBO) landers, designed by NIOZ (Van Weering et al., 2000) , were deployed on 3 locations near PDE ( Fig. 1b ; Table 2 ). The landers were equipped with a downward facing RD Instruments 1200 kHz Acoustic Doppler Current Profiler (ADCP) mounted at 2 m above the bottom, measuring current velocity and direction in 5 cm bins every 15 min. An SBE-16 CT sensor was mounted at 3 m above the bottom, measuring salinity and temperature, and two Seapoint optical backscatter sensors (OBS) were installed in the frame at 1 and 3 m above the bottom. This study is based upon an extensive set of cores (N5.5 tonnes weight) acquired during the R/V Marion Dufresne MD140 and MD169 campaigns, and consists of 6 "on-mound" gravity cores and 5 "offmound" cores (Table 3 ; Fig. 1b) . Specifically for the cold-water coral mounds, the coring coordinates were determined, based on the seafloor observation made by ROV Genesis (De Mol et al., submitted for publication). Moreover, during the MD169 campaign, each mound was cored at least twice to recover both a core for biogeochemical and microbial studies, and another core for sedimentological purposes (Table 3) . Assuming no deviation on the positioning of the coring tool during its descent towards the seafloor, all twin cores have been acquired within a maximum radius of 30 m. The biogeochemical cores were cut into 1 m sections, stored in a cold room, opened, described and immediately sampled on board. The on-mound sedimentological cores were stored unopened and were not analyzed on board.
Off-mound core analyses
X-ray fluorescence(XRF) core scanning elemental analysis was applied to off-mound cores MD04-2806 and MD08-3227 in order to obtain the chemical composition of the sediment which may be used to deduct a preliminary chronostratigraphy and assess the variability of sediment input using the XRF Ca/Fe ratio (Richter et al., 2006) . Core MD04-2809 (0-15 m) was scanned with a CORTEX scanner with a sampling interval of 2 cm, irradiated with an energy of 20 kV (87 μA) during 30 s counting time (Fig. 6 ). Core MD08-3227 was analyzed with the Avaatech XRF Core Scanner with a sampling interval of 1 cm at 10 kV (150 μA) during 30 s (Fig. 6) .
Core MD04-2806 was sampled at 5 cm intervals for stable δ 18 O analyses from 0 to 873 cm (Fig. 6 ). For this purpose, 10 to 20 individuals of the benthic foraminifera Cibicidoides (Planulina) sp. (N150 μm) were selected. The stable isotope analyses were performed on a Finnigan MAT 251 mass spectrometer (Isotope Laboratory, Faculty of Geosciences, University of Bremen). The isotopic composition of the CO 2 gas was measured which evolved from treatment of the carbonate with phosphoric acid at a constant temperature of 75°C. For all stable isotope measurements, a working standard (Table 4) . Measurements were performed using the elemental analyzer-isotopic ratio mass spectrometer (EA-IRMS) method by ISO Analytical Ltd. The isotope compositions were calibrated against the NBS 18 and 19 standards. The results are reported with respect to the VPDB standard and the analytical standard deviation was below 0.2‰ VPDB for both compositions.
On-mound core analyses
The on-mound cores MD08-3215G, 16G and 20G were first analyzed with the medical computed X-ray tomography (CT) scanner of Ghent University Hospital, allowing a three-dimensional visualization of the corals . In order to open these coral-bearing cores with a circular saw, they were frozen at −20°C. After opening in the Royal NIOZ, the magnetic susceptibility (MS) of the cores was measured in 1 cm intervals at room temperature with a Barrington MS2E sensor (Fig. 8) .
Cores MD08-3214G, 18G and 21G were sampled and analyzed for pore-water and solid-phase composition ( Fig. 8 ; Wehrmann et al., 2011-this issue) . Additionally, on-board sampling was performed to obtain methane concentrations and to measure the microbial activity by measuring Adenosine 5′-triphosphate (ATP) of cores MD08-3214G and 18G (Fig. 8; Templer et al., 2011-this issue) . ATP is stable inside cells but becomes rather unstable outside living organisms (Cowan and Casanueva, 2007) . Thus, the presence of ATP is a marker-molecule and may be used as a proxy for living cells.
Environmental setting of the Pen Duick Escarpment
Seabed morphology
The Pen Duick Escarpment (PDE) is a 6 km long, SSE-NNW (333°N) oriented, 80 to 125 m high wall with a southwest-facing slope of 8°to 12°(Figs. 1b and 2). PDE represents the southeastern branch of the Renard Ridge, which displays an SE-NW (300°N) orientation. Up till now, about 15 mounds were recognized on top of the Pen Duick Escarpment. The multibeam bathymetry shows these mounds as conical to elongated features with an average elevation of 15 m above the surrounding seabed (Fig. 1b) . At its southern extremity, the PDE is flanked by the large (11 km 2 ) Gemini mud volcano (MV), separated by a 1 km wide SW-NE moat feature at 650 m below sea level (bsl) (Van Rensbergen et al., 2005a) . The PDE separates two relatively flat areas ( Fig. 1) . At the north-eastern side of the PDE, a 14 km 2 large plateau is present between 530 and 550 m.
The relatively flat morphology is only interrupted by the small (0.6 km 2 ) Lazarillo de Tormes MV at 2.3 km NE of PDE (Figs. 1b and 2).
Southwest of the PDE, a relatively gentle (1.5°), SW dipping slope is present. It is separated at the foot of the escarpment by a depression with a depth between 650 and 660 m bsl. This negative relief is especially expressed over a distance of 3 km along the northern side of the escarpment (Figs. 1b and 2). The depression is maximal 10 to 20 m deep and 200 to 300 m wide. The western flank of this depression is slightly mounded to 630-640 m (Fig. 1b) .
Seismic stratigraphy
Information regarding the seismic stratigraphy, sedimentary environment and geological processes within the vicinity of PDE can be inferred based on the seismic dataset (Figs. 3 and 4) . In the present study, the "shallow" subseafloor below the recognized geomorphologic features will be characterized first, followed by a brief regional seismic stratigraphy.
The PDE is acoustically transparent and its shape can only be defined by tracing the diffraction hyperbolae. Therefore, it is relatively difficult to discriminate a mound from the top of the escarpment. Hence, their true dimensions are difficult to assess, since none of the seismic profiles were able to visualize the base of these rather small mounds. The plateau northeast of PDE is underlain by a relatively small and irregular basin with a variable sediment thickness of up to 100 ms TWT. The acoustic facies is characterized by poorly continuous, concave to wavy reflections of a medium to high amplitude. This suggests a complex sedimentary environment characterized by discontinuous reflectors. Similar observations are made near the depression at the foot of PDE, under which an acoustically transparent deposit up to 100 ms TWT can be discriminated. The multitude of diffraction hyperbolae at the seabed suggests a very irregular morphology or hard substrate.
The sedimentary series southwest of PDE can be subdivided into two main sequences (Fig. 4) . The upper sequence is 300 ms TWT thick and can be subdivided into 4 units (from top to bottom; U4-U1), separated from each other by unconformity surfaces. It is dominantly characterized by reflectors with a variable (but relatively high) amplitude. All units laterally pinch out towards the NE upon the lower sequence, which is characterized by lower seismic amplitudes and steeply (20°) SW dipping subparallel to parallel strata (400 ms TWT thickness). This steeply dipping lower sequence thus also appears to constitute the base of the Pen Duick Escarpment. Within this lower "basement" sequence, several higher amplitude reflections are recognized. Especially at the base of the lower sequence (between 1.2 and 1.6 s TWT), a series of wavy to subhorizontal enhanced reflections are present. While some of these probably are sidereflections, others suggest the presence of free gas or hydrocarbon accumulations within the subsurface of PDE.
The lower sequence is separated from the upper sequence by a transition unit between 1.2 and 1.3 s TWT. It is characterized by (1) a gradual increase of the reflector's amplitude towards the upper sequence and (2) a gradual transition from subparallel reflectors towards reflections pinching out on the lower sequence. The subparallel strata of unit U1 (100 ms TWT thick) are onlapping on the base of PDE, the lower sequence and the transitional unit (Figs. 3  and 4) . Also, the lower boundary of unit U2 constitutes an onlap surface. This 100 ms TWT thick unit displays a relatively large dip of reflections which generally display low amplitudes. The geometry of the reflectors near the depression becomes more mounded and also constitutes the base of this depression. Furthermore, the lower boundary of unit U3 is represented by a low angle onlap surface and is characterized by a thin zone of low amplitude reflections. Its geometry seems to be bound by the relief created by unit U2. The moderate to high amplitude reflections of U3 seem to pinch out towards the depression and the mounded geometry of unit U2. The upper unit U4, with an average thickness of 50 ms TWT, contains continuous and parallel reflections which seem to prograde towards (and over) the depression deposits. Near the depression, the relief of this unit is slightly mounded, suggesting stronger bottom currents in this area.
Hydrography
All CTD profiles, acquired along a transect from shallow to deepwater depths across PDE, show a seasonal thermocline in the upper 150 m and a gradual decrease of temperature and salinity between 200 and 700 m water depths (Fig. 5) . The temperature and salinity of this upper water mass correspond to the North Atlantic Central Water (NACW). Two distinct nepheloid layers are recognized between 20 and 60 m and from 230 to 400 m water depths (Fig. 5) . The upper nepheloid layer might be related to enhanced surface productivity, while the position of the second (intermediate) nepheloid layer seems to be shifting and occurs gradually deeper when going down the escarpment. The PDE mounds mainly occur between 530 and 580 m water depths, which correspond to a temperature range of 10.7-11.8°C and a salinity range of 35. 55-35.65 . At the foot of the escarpment a third nepheloid layer is observed between 400 and 600 m depths. A bottom nepheloid layer up to 50 m is observed on all stations. The deepest station shows the presence of Antarctic Intermediate Water (AAIW) below 600 m water depth, as shown by a decrease in temperature and a salinity minimum of 35.3. Mediterranean Outflow Water (MOW), generally characterized by salinity values above 36.2, was not observed.
Short-term near-seabed hydrodynamic conditions observed by the benthic landers show the presence of a semi diurnal tidal cycle as indicated by variations in temperature and salinity (Table 2) . On PDE, average current speeds at 1 m above the seabed are around 10 cm/s in E-W directions. However, peak current speeds up to 25 cm/s occur daily. Daily average current speeds at the foot of PDE vary around 7 cm/s. No relation was observed between changes in temperature and salinity and optical backscatter values.
Off-mound cores
Three cores were acquired to study the off-mound sedimentary environment and geochemical background conditions of Pen Duick Escarpment (Fig. 6 ). First, a brief core description of all cores will be presented, followed by a comparison of sulphate and methane values between the top (MD04-2809) and foot (MD04-2806) of PDE. Finally, the XRF Ca/Fe ratio of cores MD04-2806 (only from 0 to 9 m) and MD08-3227 are correlated with core MD95-2042 from the Iberian margin, west off Portugal (Shackleton et al., 2000) , in order to elucidate a chronostratigraphic framework.
Core MD04-2809, retrieved from the foot of Alpha mound (Table 3 ; Fig. 1b) , contains well-preserved coral debris (mainly Lophelia pertusa and some Desmophyllum dianthus) in a soupy brownish matrix of silty clay in the first 75 cm. The rest of the core contains rather homogenous light grey sediment with sparse silt to sand pockets. Core MD04-2806 is located 3.5 km west of Alpha mound (Table 3 ; Fig. 1b) . The only notable change in the visual record of this predominantly clayey core is the gradual colour change from brownish-beige at the top of the core towards dark grey at 150 cm. Core MD08-3227 was chosen as a background site 3 km south of Alpha mound. Although it yields 33 m, only the first 25 m are considered reliable due to pistoning effects (J.F. Bourillet, pers. comm.). For this study, we therefore only considered the first 20 m (Fig. 6) . The lithology of core MD08-3227 is relatively homogeneous and similar to the other cores. It contains olive grey to green brown silty clay with calcareous microfossils and sparsely pockets with poorly sorted coarse sand.
Both in cores MD04-2809 (foot of Alpha mound) and MD04-2806 (foot of PDE), a Sulphate-Methane Transition Zone (SMTZ) is recognized (Maignien et al., 2010) . In core MD04-2806, the sulphate concentration decreases from seawater concentration (28 mM) to zero 15 m. Methane concentrations up to 0.58 mM are reached at a depth of 16.5 m. The SMTZ is thus located between 10 and 15 m. On top of PDE, the sulphate concentrations of core MD04-2809 reveal a linear decrease from 28.1 mM at the surface to values below the detection limit at 9 m. The methane concentrations are highest at the bottom of the core (0.9 mM). Here, the SMTZ is confined to a depth between 5 and 9 m and thus much shallower compared to the position of the SMTZ at the foot of PDE.
The XRF Ca/Fe record of core MD04-2806 matches the stable benthic δ
18
O record, allowing to suggest a relative chronostratigraphy (Fig. 6) by correlation of the oxygen isotope data with core MD95-2042 (Shackleton et al., 2000) . In core MD04-2806, Marine Isotope Stage 1 (MIS 1) is identified as the interval from 0 to about 3 m downcore, characterized by gradually decreasing Ca/Fe ratios. The lightest isotope values at the top of the core are not reflected by the XRF Ca/Fe ratios which is attributed to the fact that this part of the core still has a significant water content, reducing XRF counts. In core MD08-3227, MIS 1 is recognized between 0 and 4 m. MIS 2, or the Last Glacial Maximum (LGM), is identified in core MD04-2806 from 3 to 5 m characterized by low Ca/Fe ratios, interrupted at 3.5 m by a local Ca/Fe increase. In core MD08-3227, the LGM is recognized between 4 and 7 m, with a pronounced Ca/Fe increase at 5.5 m. In core MD04-2806, gradually increasing Ca/Fe ratios between 5 and 6.5 m are correlated to MIS 3, which is followed by MIS 4 between 6.5 and 8 m with pronounced low Ca/Fe ratios. In core MD08-3227, MIS 3 is identified between 7 and 10.5 m, and MIS 4 between 10.5 and 12.3 m. The lower part of core MD04-2806 shows the rise of Ca/Fe ratios towards the interglacial MIS 5, whereas in core MD08-3227, MIS 5 is present until 16.2 m. Between 16.2 and 17.2 m, a relatively condensed MIS 6 is inferred.
Depression cores
Cores MD08-3223G and 24G are both located within the depression at the foot of PDE at a distance of 23 m from each other (Table 3 ; Fig. 1b) . Both cores display an identical lithology: from 0 to 100 cm and from 0 to 20 cm, brown to olive grey muddy sand is present with pockets of calcareous microfauna and coral or shell fragments. Below, both cores are composed of olive grey silty clay with pockets of (muddy to silty) sand or marl bearing calcareous microfauna and/or coral fragments. The presence of abundant planktonic and benthic foraminiferal assemblages reveals of a mixture of present-day and reworked species. In both cores, obviously reworked species include the lower to upper Pliocene species Globorotalia crassaformis, Globorotalia crassula, Globorotalia margaritae, Globorotalia puncticulata, and Neogloboquadrina acostaensis, and the lower to middle Miocene species Paragloborotalia mayeri. Stable δ 13 C and δ
18
O isotope measurements have been performed on limited core intervals with marly pockets (Table 4) . Bulk samples from these intervals display severely depleted δ 13 C values. In the marly intervals, they range between −13‰ and − 18‰ PDB, whereas the marly carbonate of the MD08-3224G core catcher yields δ 13 C values down to −25.20‰ PDB.
Pen Duick Escarpment mounds
The present-day seabed facies on Alpha, Beta and Gamma mounds (Fig. 7) were investigated by ROV observations (De Mol et al., submitted for publication). The most important observation is that only dead cold-water corals (mostly Lophelia pertusa) are present, organized in large patches surrounded by soft sediments. These background sediments are often muddy to silty bioturbated areas with sporadically solitary gorgonians or sponges (Fig. 7a) . The coldwater coral patches consist of (sometimes broken) pieces of coral rubble (up to 1 m thick), which can be considered as cold-water coral graveyards (Fig. 7b, c, d, e and f) . Nevertheless, the open framework of these graveyards hosts a thriving micro-habitat with crinoids, sea urchins, sponges and shrimps. On Alpha mound, these graveyards are present on, and around large (metric-scaled) irregular blocks which seem to have a carbonated lithology (Fig. 7b) . Near the outer limits of a graveyard patch, the coral rubble gradually becomes buried, with diminishing overgrowing organisms ( Fig. 7d and e) . The dimensions of these dense graveyard patches are difficult to assess, but could be ranging from meters to tens of meters in size ( Fig. 7b and f) . The transition with the surrounding soft sediment can be relatively abrupt (Fig. 7f) .
Alpha mound
Alpha mound is located on the southeastern edge of PDE, with its top at 542 m bsl (Fig. 1b) . Alpha mound is characterized by a 350 m elongated ridge with the same orientation as the PDE (333°N). The estimated width is at maximum 200 m, with an average footprint of 0.27 km 2 . The steepest slopes are located on the SW (17°) and NE (12°) flanks, whereas the minimum values amount to 4-7°. The estimated height of this mound is 15 m. Cores MD08-3216G and 18G (Table 3) were acquired on top of Alpha mound and are located 27 m apart from each other. Core MD08-3216G (Fig. 8) consists of brown (top 9 cm), dark to light grey homogeneous clay with the main coral-bearing intervals in the first 180 cm and between 300 cm and the core catcher. The corals are mainly Lophelia pertusa and Madrepora oculata pieces or finer, scattered coral rubble with a varying density. Dendrophylliid corals (D. alternata, D. cornigera, and E. cornucopia) are less present in the core (30-60 cm and 420-430 cm) while only few calyx of Desmophyllum dianthus were observed. Intervals with a relatively higher coral abundance were observed in the top 30 cm, between 130 and160 cm and from 300-440 cm. The magnetic susceptibility of this core in Alpha mound is weak with values ranging between 2 and 6 SI.
The second core in Alpha mound, MD08-3218G, is made up of brown (top 20 cm), dark to light grey homogeneous clay containing dendrophylliid corals and L. pertusa (only in top 50 cm) corals or coral rubble with a variable density (Fig. 8) . A strong H 2 S smell was noticed below 300 cm coinciding with a strong increase in pore-water H 2 S concentrations, up to 1.6 mM in the deepest part of the core (Wehrmann et al., 2011-this issue) . At these depths, corals are in a bad preservation state. The sulphate concentration steadily decreases downcore from 27 to 23 mM (Wehrmann et al., 2011-this issue) . Methane is only detected in the lower 100 cm with values up to 0.8 mM (Templer et al., 2011-this issue) , suggesting the upper part of an SMTZ below 400 cm. The Chromium Reducible Sulphur (CRS) content, which largely corresponds to the content of pyrite-Fe, reveals a strong increase in the top 50 cm from 0 to average values around 0.74 wt.% (Wehrmann et al., 2011-this issue) . Finally, the bioluminescence measurements reveal a larger activity of ATP in the top 10 cm and locally at 92 and 337 cm (Templer et al., 2011-this issue) . Fig. 8 . Stratigraphy, physical properties and biogeochemical processes in Alpha, Beta and Gamma mounds on the Pen Duick Escarpment (depth in cm below sea floor). Both sedimentological and biogeochemical cores (Table 3) are summarized by a visual description log. From left to right, the following parameters are featured: magnetic susceptibility (SI), sulphate and methane concentrations (mM), chromium reducible sulphur (CRS, weight %), and bioluminescence (RLU; Relative Luminescence Units) as an indicator for ATP activity (not available for Gamma mound). Sulphate and CRS data are after Wehrmann et al. (this issue).
Beta mound
Beta mound is located 300 m NNW of Alpha mound and is characterized by two summits at 528 and 526 m bsl (Fig. 1b) . Beta mound is S-N oriented and has a length of 450 m, a width of 300 m and a height of approximately 20 m. Its footprint is estimated at 0.12 km 2 . The steepest slope of Beta mound is at its western side (10°), whereas values are varying between 5°to 8°. Both cores MD08-3215G and MD08-3214G (Table 3) were acquired on the northernmost summit and are located only 2 m apart from each other. MD08-3215G contains brown (top 30 cm), grey to light grey homogeneous clay with a variable content of L. pertusa, M. oculata and dendrophylliid corals. Sporadically, D. dianthus calyxes were observed. The overall coral abundance is relatively high, with dense intervals between 20-100 cm and 120-220 cm. Between 50 and 100 cm, the coral rubble has a crushed appearance. The magnetic susceptibility of this core shows a high MS up to 36 SI from 0 to 37 cm, whereas the rest of the core has a weak MS with values below 6 SI.
Core MD08-3214G, which is 1 m shorter than the previous one, features brown (top 20 cm), dark to light grey homogeneous clay and mainly contains dendrophylliid corals or scattered coral rubble in a variable density. Only the top 25 cm contains a mixture of L. pertusa, M. oculata and dendrophylliid corals (Fig. 8) . A strong H 2 S smell was noticed throughout the entire core, corresponding to a strong increase of the pore-water H 2 S concentrations below the top 60 cm with a maximum value of 2.2 mM at 2.1 m sediment depth (Wehrmann et al., 2011-this issue) . The sulphate concentration linearly decreases downcore from 29 to 15 mM (Wehrmann et al., 2011-this issue) , whereas methane concentrations sharply increase from 0 to 1.9 mM from 70 to 152 cm (Templer et al., 2011-this issue) . Within the top 60 cm of the core, a strong increase in CRS to average values of 0.84 wt. % S is observed (Wehrmann et al., 2011-this issue) . The bioluminescence values show enhanced ATP activity in the upper 50 cm of the core, as well as a light increase at the base (Templer et al., 2011-this issue) .
Gamma mound
In contrast to Alpha and Beta mounds, Gamma mound is a relatively conical mound with a summit at 553 m bsl (Fig. 1b) . Gamma mound is located 2.5 km NNW from Beta mound and has a width of 300 m and a height of approximately 15 m. Its footprint is estimated at 0.09 km 2 and average slope values range between 7°and 10°. Cores MD08-3220G and MD08-3221G (Table 3) are both located at the western flank of the mound, 32 m apart from each other. MD08-3220G is predominantly characterized by brown to brownish grey homogeneous clay from 0 to 475 cm and grey to light grey clayey bands between 475 cm and 600 cm (Fig. 8) . Throughout the entire core, well-preserved pieces or smaller rubble of L. pertusa and M. oculata are observed. Sporadically, the presence of D. dianthus and dendrophylliid corals is noticed. The magnetic susceptibility shows relatively high values (15-40 SI) in between 0 and 470 cm. Below, and concomitant to the occurrence of the grey interval, lower values with an average of 7 SI are recorded.
Core MD08-3221G consists of brown, dark to light grey homogeneous clay. Throughout the core mainly L. pertusa and M. oculata are observed with a variable density. Furthermore, D. dianthus and dendrophylliid corals (rather pieces of rubble) are observed sporadically. The sulphate concentration exhibits only a minor decrease to a minimum value of 22 mM and both H 2 S and methane are absent (Wehrmann et al., 2011-this issue) . The CRS values remain stable over the entire core length and vary between 0.1 and 0.25 wt.%S (Wehrmann et al., 2011-this issue) . No bioluminescence measurements have been carried out on this core.
Discussion
In the last decade, many cold-water coral mound provinces along the Irish, British and Norwegian margins were investigated (De Mol et al., 2002; Kenyon et al., 2003; Lindberg et al., 2007; Mienis et al., 2006) . Apart from dominant oceanographic control, the influence and contribution of geological processes in the various steps of mound evolution was studied. Initially, hydrocarbon seepage and related processes were hypothesized as driving forces for mound formation (Henriet et al., 1998 (Henriet et al., , 2001 Hovland and Risk, 2003) . However, a clear link could not always be made between the presence of the mounds and the (sometimes speculative or hypothetic) presence of hydrocarbon-related features (De Mol et al., 2002; Van Rooij et al., 2009) . Gradually, the importance of biogeochemical processes was recognized in the transformation of the (buried) cold-water coral reef towards the development in a (giant) mound (Henriet et al., 2002; Webster et al., 2008; Wehrmann et al., 2009; Williams et al., 2006) . In comparison to the NE Atlantic mounds, the Pen Duick Escarpment mounds show both comparable as well as novel elements regarding the evolution of coldwater coral mounds. Here, we will focus the discussion on (1) the local dynamic environmental controls, evaluating the role of environmental constraints as geological drivers and (2) the organization and transformation of cold-water coral reefs towards mounds. We will also discuss the possible role of seepage regarding the initial settling, growth evolution and diagenesis of the PDE mounds.
The dynamic environment of Pen Duick Escarpment
Plio-Pleistocene structural and palaeoceanographic framework
The SW dipping lower sequence (Fig. 4) constitutes the main part of the PDE and underwent uplift during the Mio-Pliocene transition within a framework of extensional tectonics (Flinch, 1993; Van Rensbergen et al., 2005b) . The transition of the Miocene sequence towards the overlying sedimentary series does not show any major discontinuities. This suggests that the uplift and creation of PDE has been a relatively gradual process, allowing "syn-lift" depositional processes. This is demonstrated by the transition unit, which is characterized by an increase of amplitudes and pinch-out of the reflectors. Also unit U1 (Fig. 3) shows steeply dipping and reflectors onlapping to the foot of PDE, suggesting ongoing tectonic activity. These sedimentary series might have been initiated after the opening of Gibraltar Strait at 5.23 Ma (Duggen et al., 2003) or after the Lower Pliocene Revolution (LPR) at 4.2 Ma . The organization and geometry of unit U2 marks a sudden change. The gently dipping reflectors suggest a continued tectonic activity affecting PDE, in parallel with the formation of a moat at its foot. This change in depositional style might indicate the presence of a steady bottom current already interacting with a "junior" PDE, fostering the creation of a first elongated drift. The onset of the drift might be correlated with the Upper Pliocene Revolution (2.4 Ma), which is characterized by a eustatic sea-level fall and by the intensification of a deeper flowing MOW in the northern Gulf of Cadiz . According to Van Rensbergen et al. (2005b) , the mud volcanism in the El Arraiche mud volcano province was initiated during the same period. The geometry of unit U3 suggests a decrease in bottom current activity; a mound-moat association is absent and the flat and parallel strata onlap upon the mounded morphology of U2. During the deposition of U2 or at latest by the deposition of U3, the moat was filled by mass-wasting deposits, derived from the steep slopes of PDE. This last unit seems to mark the end of the PDE uplift. The increase in seismic amplitudes from the base of unit U3 onwards suggests coarser deposits, possibly linked to the onset of the global glaciations and subsequently increased input of terrigenous material. Consequently, these observations might be correlated with the Quaternary limit (1.8 Ma) as recognized by Llave et al. (2007) in the Cadiz CDS. The most recent unit U4 is characterized by a renewed intensification of bottom currents, as demonstrated by a progradation of the deposits over the filled moat and by the presence of a drift-mound as recognized in the present-day bathymetry. The onset of this intensification is linked with the Middle Pleistocene Revolution (MPR), which marks the culmination of the present-day oceanographic setting in a switching glacial/interglacial mode at about 900 ka Lisiecki and Raymo, 2005) .
The only off-mound core on top of PDE (MD04-2809, foot of Alpha mound), is characterized by a light grey clayey lithology, suggesting a relatively continuous but weak hydrodynamic environment. Given the presence of corals at the top, this might indicate that these sediments are derived from below the mound base and thus do not necessarily contain the most recent glacial or interglacial deposits. Two off-mound cores located within the sediment drift (Fig. 6) illustrate the variability during the last glacial and interglacial periods. The XRF Ca/Fe ratios allow a comparison between both cores and allow the calculation of relative sedimentation rates. In both cores, the Holocene-LGM section, with a pronounced high Ca/Fe ratio spike, spans the first 4 to 5 m with average sedimentation rates of 25-30 cm/ka. This fits with presentday observations, where generally weak average bottom currents (8-9 cm/s) are present over the entire area. The core tops have a high water content and very soupy sediment (Fig. 6) , indicative of high sedimentation rates. On the other hand, the thickness of the glacial MIS 3 varies in both cores from 3 m in MD04-2806 to 5 m in MD08-3227. This yields lower sedimentation rates of respectively 8 to 14 cm/ka and illustrates a higher spatial variability of more vigorous bottom currents during glacial periods. Generally, the northern Gulf of Cadiz has experienced more vigorous bottom currents during glacial intervals, due to a stronger and deeper MOW Schönfeld and Zahn, 2000) . The rapidly changing environmental conditions at the end of the Younger Dryas caused a sudden decrease in flow strength (Voelker et al., 2006) and might have led to the present-day increased sedimentation rates (Wienberg et al., 2009 ). However, presently no MOW is recorded near the PDE (Fig. 5) . According to Foubert et al. (2008) , MOW could also have reached the PDE due to an enhanced meddy activity. Nevertheless, the sediment drift at the foot of PDE suggests a relatively long-term climatically-controlled bottom current activity, initiated since the Middle Pleistocene Revolution. A possible process which could generate such bottom currents, involves the interaction of the interface between AAIW and NACW (e.g. through internal tides) with the PDE. A comparable setting is present in the Belgica mound province (Porcupine Seabight) where internal tides are generated at the interface between the MOW and the ENAW (White, 2007; Van Rooij et al., 2007) .
Indications for hydrocarbon seepage
Both in Alpha and in Beta mound, methane concentration has been measured up to 2 mM at 1.5 m bsl (Fig. 8) . Off-mound, methane is present, but located at deeper (18 m) sediment layers (Fig. 6 ). Both cores acquired on top of PDE and within the depression give evidence for the presence of methane seepage within the vicinity of the PDE. Selected marly samples taken from the depression cores MD08-3223G and 24G (Fig. 1) show very negative δ 13 C values (Table 4 ). These depleted values are similar to those of authigenic carbonates which precipitated as a result of the anaerobic oxidation of hydrocarbons, methane in particular (Stadnitskaia et al., 2008a; Niemann et al., 2006; Terzi et al., 1994) . The carbonate-rich intervals include both biogenic carbonate (planktonic and benthic foraminifera as well as coccoliths) and carbonate of assumed authigenic origin. It is therefore likely that, in spite of their very negative values, the biogenic carbonate component, which is unrelated to hydrocarbon seepage (Barbieri and Panieri, 2004; Panieri, 2006) , has partially diluted the negative carbon isotopic signature of the authigenic carbonate. SEM analyses of the carbonate-rich intervals revealed the abundance of coccoliths and foraminiferal tests encrusted by precipitated carbonate rhombs (Fig. 9) . Authigenic carbonate crusts have been found near the summit of Alpha mound on top of PDE (Fig. 7) . Furthermore, δ 13 C values of bulk carbonate below 300 cm depth in core MD08-3218G from Alpha mound show a strong shift to negative values of up to −23.2‰ (Wehrmann et al., 2011-this issue) . The authors attribute this excursion to the formation of authigenic high-Mg calcite connected to anaerobic oxidation of 13 C-depleted methane. The potential source and pathways for these hydrocarbon fluxes may be inferred from the multichannel seismic profile (Fig. 4) ; (1) enhanced reflections were recognized near the lower (Miocene) sequence and (2) the steeply dipping Miocene strata can be considered as a conduit for hydrocarbon advection through stratigraphic migration. A similar setting has been evoked by Naeth et al. (2005) through modelling of the migration pathways for the Belgica mounds off Ireland. These fluid migration pathways can be possibly linked to pathways for gas generated in the Mesozoic source rocks, which also serve as possible sources for the adjacent mud volcanism (Van Rensbergen et al., 2005b) . As such, additional diffusive fluxes of hydrocarbons and brines from the adjacent Gemini and Lazarillo de Tormes mud volcanoes (Figs. 1-4) can additionally contribute to this stratigraphic migration. The commercial exploration interest for this region has recently been confirmed by the discovery of gas at 40 km off the Moroccan coast, in the Tanger-Larache license at a depth of 2435 m bsl (Pers. Comm., ONHYM). Hence, both Alpha and Beta mounds as mud volcanoes can be fed by a similar mixed thermogenic/ biogenic source, which is consistent with previous hydrocarbon gas measurements in the area (Stadnitskaia et al., 2008a) . This points towards different modes and mechanisms of fluid transport within the mounds and mud volcanoes.
6.2. Spatial and temporal evolution of the PDE mounds 6.2.1. The PDE system as driver for mound development
The presence of the Pen Duick Escarpment in its current morphological and oceanographic setting is, from an environmental point of view, a classic site for the settlement of cold-water corals. Many cases are known where elevated topographic features such as escarpments, cliffs or banks, combined with a dynamic hydrography with pronounced nepheloid layers and enhanced currents provide a suitable habitat for cold-water corals (De Mol et al., 2011-this issue; Dorschel et al., 2009; Huvenne et al., 2009; Mienis et al., 2007; Roberts et al., 2006; White, 2007) . Nevertheless, despite the presence of nepheloid layers and the hydrodynamic impact of the escarpment (Figs. 1 and 5) , no living scleractinian cold-water corals have been observed on PDE so far (Fig. 7) . In addition, their presence is not exclusively limited to the mounds, as has been observed by Foubert et al. (2008) and Wienberg et al. (2009) . Additional drivers for CWC growth such as a sufficient sediment supply (kept in balance through bottom currents), surface productivity and many others need to be considered. The off-mound core data (Fig. 6) suggest that lower sedimentation rates, probably due to more vigorous bottom currents, were rather present during glacial periods. According to Wienberg et al. (2009) , the coral growth in the southern Gulf of Cadiz has ended at 12 kyr BP, due to rapidly changing environmental conditions at the end of the Younger Dryas (YD). Moreover, the present-day potential density in which the PDE mounds are observed (Fig. 5) , indicates values below 27.25 kg/m 3 (sigma-theta). Dullo et al. (2008) . Hence, these findings add to those of Wienberg et al. (2009) , indicating that the present-day environmental and oceanographic conditions do not seem suitable for CWC growth.
The cold-water coral reef architectural framework
Compared to the NE Atlantic cold-water coral mounds on the margins of the Porcupine Seabight and Rockall Trough, the dimensions of the PDE mounds are considerably smaller (Fig. 1b) . Whereas Foubert et al. (2008) estimated an average height of 60 m, present and unpublished data suggest that this figure rather is an absolute maximum while more reasonable average heights are around 30 m. As such, the mounds are considered as in a juvenile (or initial) growth stage, compared to the giant carbonate mounds off Ireland (De Mol et al., 2002; Kenyon et al. 2003; van Weering et al., 2003) . The CWC graveyards, organized in well-delineated patches (Fig. 7) . These patches do not seem to correspond to those observed by Foubert et al. (2008) , which are larger and also cover off-mound zones. These graveyards were observed in several phases of burial and host a wide variety of benthic organisms (Fig. 7) . The graveyards can be considered as thick (approximately 1 m) open frameworks which could act as micro-habitat for benthic species. Even after burial, the presence of micro-organisms can be confirmed by their bioluminescence in the first meter downcore (Fig. 8) . According to Templer et al. (2011-this issue) , these mounds represent a significant subseafloor prokaryotic habitat. Despite their very close vicinity, the visual core description of the double sedimentology and biogeochemistry cores does not allow a direct correlation between facies and coral content (Fig. 8) . Cores from Alpha and Beta mounds show a variable content of a L. pertusa-M. oculata association on the one hand and dendrophylliid corals on the other hand. Except for Gamma mound, most core tops have a dendrophylliid association. According to Wienberg et al. (2009) , the dendrophylliid versus L. pertusa-M. oculata coral assemblages do not occur together in the last glacial interval. The dendrophylliid corals occur in full glacial periods with long-term stable currents and temperatures whereas the L. pertusa-M. oculata assemblage occurs during stable and relatively warmer periods. Consequently, the downcore variability of these coral assemblages indicate changing environmental conditions and, more important, a discontinuous chronostratigraphic record. Moreover, the variability of coral associations in two closeby cores on one mound, might also suggest a discontinuous growth with shifting growth localities. A similar model has also been suggested for the growth evolution of Challenger mound Titschack et al., 2009) . This model may be linked with the present-day seabed observations where in one area an open coral framework is present, whereas several meters further a buried graveyard is observed. As such these open coral rubble frameworks might be considered as plates ; submitted for publication), at the interface between ocean and mound. This coral plate, with its slime-coated cavernous open space, could have a possible dual operator function: (a) as sediment trap, where near-seabed sediment transport can nurture the generally accepted vertical accretion of the mound matrix through baffling (Roberts et al., 2006; Titschack et al., 2009), and (b) as transformer, where bio-erosion by the (micro-)organisms dwelling into the microhabitat turn biology into geology (Templer et al., 2011-this issue) . This is in agreement with De Mol et al. (2010) , postulating that the migration and succession of these coral plates, both in space and in time, may be recognized as an important process in the evolution from several CWC reef patches towards a mound. It presents the basic architectural and physical framework of a mound, which can be reinforced through diagenetic processes.
Influence of fluid migration on mound evolution
The data presented in this study suggests that fluid migration may have interfered during several occasions with mound evolution. In the first place, ROV observations (Fig. 7) evidence that cold-water corals have been colonizing large carbonate crusts on Alpha mound. These crusts were probably formed as a result of repeated hydrocarbon seepage, partly cementing the seafloor and creating hardgrounds or elevated surfaces suitable for the settlement of scleractinians.
Secondly, repeated diagenetic processes linked with fluid migration may play an important role in the transformation of the buried graveyard reef into a solid mound. Both within Alpha and Beta mounds, evidence was found for anaerobic oxidation of methane coupled with a shallow Sulphate-Methane Transition Zone (SMTZ) (Fig. 8) . The upward migrating fluids contain both organic and inorganic components providing sources of energy to the microbial communities in the deep sea, and inducing an ecologic shift in the subseafloor microbial community (Maignien et al., 2010; Templer et al., 2011-this issue; Wehrmann et al., 2011-this issue) . The presence of a shallow SMTZ typically infers iron sulphide precipitation as a result of sulphate reduction coupled to AOM. Furthermore, enhanced coral dissolution might occur in connection to the occurrence of a shallow SMTZ (Foubert et al., 2008; Wehrmann et al., 2011-this issue) . Foubert et al. (2008) already suggested repeated "jumps" of the position of the SMTZ in Alpha mound, based on alternating horizons with fresh corals and with strongly corroded corals. Here we document such long-term SMTZ depth fluctuations by the extensive pyritization throughout both cores, indicated by high CRS values (Fig. 8) and low reactive Fe-(oxyhydr) oxide concentrations (Wehrmann et al., 2011-this issue) . This all contrasts with Gamma mound, which does not show the presence of a present or past SMTZ. These differences could be caused by a varying influence of fluid migration from underlying reservoirs, or by the closer vicinity of Alpha and Beta mounds to Gemini mud volcano, although seismic profiles do not show clear migration pathways.
These observations illustrate that the SMTZ in an escarpment mound setting is a dynamic interface that can fluctuate in position through variable fluxes of methane and sulphate. Apart from the alteration and dissolution of buried corals, the early diagenetic processes also have other consequences. The magnetic susceptibility signal in Alpha and Beta mounds is relatively low, while within Gamma mound and the core tops (with a low CRS) normal values are measured (Fig. 8) . This has also been observed in gravity cores retrieved from the tops of Challenger and Perseverance mounds in the Porcupine Seabight (Foubert et al., 2007; Pirlet et al., 2010) . The decrease of the magnetic signal is attributed to the transformation of Fe-(oxyhdyr)oxides, the carrier of the ferrimagnetic signal, to a paramagnetic Fe sulphide through reductive diagenesis (Wehrmann et al., 2011-this issue) . Hence, the magnetic signal may be used as an indicator for diagenetic processes and assess the reliability of U/Th dating on corals (Foubert et al., 2008) . In core MD08-3220G on Gamma mound, the magnetic signal becomes reduced at about 470 cm, simultaneously with a colour change, and with the deepest measurement in the adjacent MD08-3221G core (Fig. 8) . In view of the discussion above, we might argue that a past SMTZ has been present in Gamma mound, but did not reach depths as shallow as in Alpha and Beta mounds. An additional, but yet underexplored, consequence of mound diagenesis is the possibility to enhance the mechanical strength of these coral rubble plates, contributing to the stability of these mounds.
Finally, according to Larmagnat and Neuweiler (2011-this issue) , the possible role of organomineralization has also been mentioned as a tool to transform reefs into a mound facies such as known for Phanerozoic mudmounds. The preconditions for this process necessitate the localization of fluids and the availability of organic substrates. Although our present study has identified the presence of both seepage and micro-habitats within coral rubble graveyards, Larmagnat and Neuweiler (2011-this issue) did not find the necessary cryptic macrofauna or sponges for organomineralization within a core on Gamma mound. Most probably, this is due to the fact that Gamma mound does not show high methane fluxes and in none of the cores an open coral rubble framework was observed. This could be due to a coring artefact (post-coring compression) or due to the small size of the open coral rubble frameworks. Accurate gravity coring with Ultra Short Base Line (USBL) subsea positioning of the coring device, based on ROV surveys, should be the next step in order to study the role of the open coral rubble frameworks and associated diagenetic processes. This methodology has already been successfully applied with boxcores in the Bay of Biscay (De Mol et al., 2011-this issue) .
Conclusions
The origin and evolution of the cold-water coral mounds on top of the Pen Duick Escarpment (off Morocco) is, more than in any other NE Atlantic cold-water coral mound province, located on the crossroads of environmental (hydrodynamic) and geological (seepage) pathways; 1) A combination of NE Atlantic palaeoceanographic changes and the influence of PDE as morphologic obstacle have created a sediment drift at its foot from probably the Upper Pliocene (2.4 Ma). The local hydrography since the Middle Pleistocene (900 ka) features high sedimentation rates (slow currents) during interglacial episodes and low sedimentation rates (enhanced currents) within glacial episodes. This could be related either to the present-day interface between AAIW and ENAW, creating several intermediate nepheloid layers or to an intensified glacial MOW, which will more easily reach the PDE through enhanced meddy activity. 2) Focused seepage of methane towards the PDE induced the installation of a shallow, dynamic SMTZ in Alpha and Beta mounds. The diagenesis associated to the anaerobic oxidation of methane and coupled sulphate reduction is, among others, responsible for the selective dissolution of corals and extensive pyritization. This process contributes in the steady, but probably discontinuous transformation from buried cold-water corals into a mound facies, which also contribute to the stability of the edifice. A possible source and pathway for the methane seepage is respectively provided by deep Mesozoic reservoirs which are stratigraphically connected to the PDE depression and top through the SW dipping Miocene lower sequence. Additional sources of a mixed thermogenic/biogenic methane seepage may originate from the adjacent mud volcanoes. 3) The interaction between the morphology of PDE and local hydrographic processes has, especially during glacial times (Wienberg et al. 2009 ), enabled the most suitable environmental setting for mound growth on top of PDE. Possibly, seepage-related carbonate crusts could have been a colonization catalyser, offering an elevated surface for cold-water coral growth. The spatial and temporal succession of the observed metric to decametric coldwater coral graveyards could be attributed an important role in the evolution from reef patches towards mound. Besides their importance in sediment baffling, these graveyards may act as micro-habitats, which could contribute to the bio-erosion of the corals.
